We analyze the recent magnetoresistance measurements on BaFe2(As1−xPx)2 which exhibit both T −linear and B−linear resistivity. We show that this behavior can be understood consistently as an example of local quantum criticality and hence arises from a strongly coupled fixed point. We show explicitly how such a fixed point can be constructed in scalar gϕ 4 theory from the solutions to a non-linear eigenvalue problem. The fixed point is unstable and characterized by ν = 2/d (correlation length exponent), η = 1/2 − d/8 ( anomalous dimension). In d = 2, the exponents reduce to those of the Ising model which can be understood from the codimension of the critical point. The testable prediction of this fixed point is that the specific heat exponent vanishes regardless of dimensionality. Aside from BaFe2(As1−xPx)2, critical Mott systems are well described by this new fixed point.
In 1976, Benzi, Martinelli and Parisi [1] stated at the outset of their paper,"It is well known that in most of the interesting cases of field theory the perturbation expansion in the coupling constant is useless." Since then, a gap still exists between where standard perturbative expansions in the coupling constant leave off and strongly coupled systems reside. For example, even in the simplest case of scalar gϕ 4 theory, it has proven notoriously difficult [2] [3] [4] [5] [6] to establish a fixed point, the terminus of a renormalization group flow, at strong coupling.
This state of affairs is unfortunate because numerous physical systems abound in which the interactions dominate, the normal state of the copperoxide superconductors being a case in point. While the problem of T − linear resistivity is well known [7] [8] [9] [10] , precisely what is its origin remains unresolved. Quantum criticality [10] has emerged as the leading contender, though theoretical problems arise [11] in applying single-parameter scaling ideas.
A recent experiment [12] on the iron-based superconductor, BaFe 2 (As 1−x P x ) 2 , rather than a cuprate, has given some hope of filling in the gap between quantum criticality and T -linear resistivity. The authors [12] measured the in-plane magnetoresistance of BaFe 2 (As 1−x P x ) 2 with a magnetic field up to 65T aligned parallel to the crystallographic c-axis. The data [12] reveal that the magnetoresistance in a range of doping near the quantum critical point, x ≈ 0.31, corresponding to the destruction of anti ferromagnetism, is a linear function of temperature and also magnetic field, B. What is remarkable here is that the authors were able to collapse all the T −B data for the resistivity for 0.3 < x < 0.41 with a scattering rate of the form,
thereby amending the so-called Planckian [13] dissipation limit. Consequently, the constraint on the time scale for quantum criticality to be observed is τ < /k B T eff , where
The fact that both the magnetic field and temperature enter with no pre-factor imply that magnetic and thermal fluctuations are one and the same. Consequently, the experiments seem to suggest that an effective correlation length, ξ ∝ T −1/z eff is operative. Whether this holds in the other materials [14] exhibiting T −linear resistivity is not known.
A key conclusion of this work is that this experiment implies that the physics of T −linear resistivity in the pnictides is local and ultimately has nothing to do with a Fermi surface. That is, the physics is controlled by a fixed point at strong coupling and hence distinct from Fermi liquids which sit necessarily [15] at zero effective coupling. Motivated by this conclusion, we show that the standard gϕ 4 field theory does in fact have a strongly coupled fixed point. In d = 2, this fixed point captures the physics of the Ising model as the exact Onsager exponents obtain.
Experimentally, the additivity of T and B and the insensitivity of the scattering rate to doping both point to physics beyond Fermi liquid theory in which Kohler's [16] rule is applicable. Second, a scattering rate that scales as /µ B B for T B implies the existence of an energy scale linear in B not √ B as is anticipated for a large perpendicular magnetic field. Taking the absence of √ B as a fact of the experiment, we reach the conclusion that there is no orbital contribution. That is, whatever is causing T -linear resistivity has a spatial extent smaller than the magnetic length (roughly 30Å at 65T ) and hence is susceptible only to Zeeman, not orbital physics. Hence, the physics is entirely local and cannot be attributed to electrons. Some type of composite excitation is the propagating degree of freedom. Note, there are standard ways not involv-ing local quantum criticality [10] that do generate a mass term that scales linearly with B. The magnetocatalysis [17] mechanism for mass generation in the Nambu-Jona-Lasinio model is a notable example. However, the B-linear regime obtains [17] strictly in the weak coupling limit far from the quantum critical state. In addition, within standard z = 2 bosonic order parameter theories in the presence of a magnetic field, the mass term does scale as B (see Appendix). However, it is not the generic form of Eq. (1).
Our view that local quantum criticality is operative in BaFe 2 (As 1−x P x ) 2 is consistent with recent angle-resolved photoemission [18] experiments. Fink and collaborators [18] found that the line shapes in the quantum critical regime [12] are well described by marginal Fermi liquid theory [10] and hence with the strong correlation physics inherent in dynamical mean-field theory (DMFT) [19] . Indeed this conclusion is surprising because it is not commonly believed [20] [21] [22] that the pnictides are as strongly correlated as the cuprates.
If the low-energy physics (for example T − linear transport and subsequent quantum criticality) in strongly correlated systems is to be solved, a fixed point (preferably an unstable one given the plethora of competing phases) at strong coupling must be isolated. In the standard perturbative approach to this problem, the scaling dimension of [ϕ] = (d − 2)/2 is chosen so that the kinetic term has zero scaling dimension. Since perturbation theory in the coupling constant fails when the interactions dominate, we seek an alternative formulation. The motivation for our approach begins by simply noting that if the engineering scaling dimension of the gϕ 4 term is set to zero by choosing [ϕ] = d/4, then the kinetic energy term now has scaling dimension 2 + d/2 and hence would be relevant only for d > 4! Consequently, to determine the physics for d < 4, it would then makes sense to treat the kinetic term as a perturbation and a fixed point must exist as g → ∞.
Nonetheless, this conclusion is tenuous because we don't expect scaling at such strongly coupled fixed points to correspond to simple engineering dimensions. Our goal is now clear: find an unequivocal fixed point at strong coupling and subsequently calculate scaling exponents in its vicinity, but we must do so without considering any term to be a perturbation from the start.
To solve this problem, we expand the action
in terms of the solutions to the non-linear eigenvalue
with λ the associated eigenvalue. Note this is not the equation of motion, but simply an eigenvalue equation that provides a complete set of states for the expansion of the action. We impose periodic boundary conditions ϕ(0) = ϕ(L) and ϕ (0) = ϕ (L). The exact solution to this equation
forms a complete [23] nonlinear basis in terms of the Jacobi elliptic functions, sn(z, m). Here n ≡ n is a vector of integers and we assume each dimension has length L such that p
, and θ = 0 or θ = 2K(m n ) gives the odd or even solutions respectively with K(m) being the complete elliptic integral of the first kind.
The utility of the elliptic functions is that they encode the interactions non-perturbatively. The eigenvalue λ n functions as the energy. Our goal then is to obtain recursion relations for the coefficients in the action for two successive energy eigenstates. To this end, it is expedient to order the states according to energy and perform a naive rescaling of the diagonal terms of the action
where n xj = n∀j which simplifies p 2 n = dp nx 1 ≡ dp 2 , where we have dropped the index notation. Our rescaling is initiated by having the momentum satisfy k = bk where b > 1 and k = 2πn/L. Assuming a general form for p scaling, namely, p = b dp p, we look at the gradient term in the action
and find that, since the sn part cannot scale, the eigenfunction amplitude scales as
The exponent d p liberates the scaling of the kinetic energy from the constraints of its engineering dimension. We treat this amplitude scaling as analogous to the field scaling from traditional perturbative methods. We now rescale the next most constrained quantity in the action, which is m = gc 2 /2dp 2 . As we will see, such rescaling will help define the anomalous dimension. Using Eq. (10) we find that
where the Eq. (12) ensures that m and g scale together. A further constraint on m is given by the periodic boundary condition, Eq. (7), resulting in
Rearranging the last equality, we arrive at our rescaling for m
Absorbing the remaining rescaled terms from the eigenvalue λ into the rescaling of r, we find our final rescaling equation
We can use Eqs. (16, 17) to identify fixed points (FP) of the theory. At such a point, the rescaling equations must simplify to r = r and m = m. Two such points arise corresponding to m → 0 and m → 1, which we denote as the Gaussian (G) FP and the strongly coupled (SC) FP respectively. This rescaling method does not access the d = 3 critical point of the theory, so we will not discuss this FP further. Applying these limits to the rescaling equations, we find
For the Gaussian fixed point, it is straightforward to see that g → 0 as m → 0 from Eq.(7) using the fact that K(m = 0) = π/2 in Eq. (6) . To find the value of g for the strongly coupled fixed point we first use Eq. (7) to find that lim m→1 K(m) → ∞ implies that lim m→1 p → ∞. We then solve Eq. (6) for g and assume the amplitude c is finite to obtain lim m→1 g → ∞.
In both limits we find that the m-dependence in Eq. (17) same rescaling equation shown in Eq. (21), which leads to r * = 0 for both fixed points. Therefore the fixed points (r * , g * ) we identify here correspond to the Gaussian (0, 0) and a new (0, ∞) fixed point at strong g → ∞ coupling. Using Eqs. (18) we immediately find the required values of d p for each fixed point to be
Before calculating the power-law exponents for each of these points, we characterize them based on the rescaling flows. We can do this by choosing r * + δr and m * + δm to be an infinitesimal shift away from the corresponding fixed point while using the values for d p obtained at that fixed point. We then apply Eqs. (16, 17) to find out in which direction the new values flow. Taking m = 0 + δm at the Gaussian FP and m = 1 − δm at the SC FP, we find
As long as d < 4 we find that for the Gaussian FP m > m. Since b d−4 4 < 1 and K(m) is a strictly increasing function, we find that for the strongly coupled FP m < m. Here we see that a method taking into account logarithmic scaling must be used to evaluate [24] this system for d = 4, which we will not do here. For either FP the equation for r is simple and flows away from r * = 0 in both directions. These fixed points and their corresponding flows are given in Fig. 1 .
In order to calculate the exponents for these fixed points, we first use the definition of ν as the inverse of the scaling for r. Recall from Eqs. (21) that this is made especially simple given that all m-dependence drops out of Eq. (17) for both fixed points. In both cases ν = 1 2d p (26) and the problem reduces to identifying d p for each fixed point ( see Eq. (22)) resulting in
Typically at least two exponents are needed to fully quantify the exponents at a given fixed point with the rest determined using scaling laws [24] . For the second exponent we use the definition of η as the difference between the field scaling at the given fixed point and that at the Gaussian fixed point. This gives η = 0 by definition at the Gaussian point, but we can incorporate this result into a general formula as follows. In our eigensolution the field scales as the amplitude c of the eigenfunctions. This scaling is fully determined by d p as shown in Eq. (10) . Setting the Gaussian value to d p = 1 we find that
and for the strongly coupled fixed point, we obtain 
The SC fixed point is an unstable one similar to that in the Gaussian limit as is evident from the flow diagram in Fig. (1) . Since the exponents are obtained from the exact eigenstates and such states form a complete basis [23] , we have exactly characterized the strongly coupled fixed point.
A surprising consequence of the strongly coupled fixed point is that the exponents in d = 2 reduce exactly to those of Onsager's in the 2d Ising model. This implies that the fixed point we have found here should be applicable quite generally to systems in which the interactions dominate. Of course for d = 2 we would expect operators other than gϕ 4 to be relevant at the mean field level and hence a careful analysis of this system would include higher order terms. However, the codimension of the Ising critical point is 2 [25] (two relevant directions ) and these are in general the quadratic strength r and the external applied field H. All of the remaining coupling parameters should be irrelevant and thus the universality class found here should remain unchanged.
The testable prediction of this strongly coupled fixed point is the value of the specific heat exponent. Because of the exponent identity, 2 − α = dν, our computed value for ν = 2/d implies that α = 0 as shown in Table (I) . Consequently, the divergence is at best logarithmic. Two independent systems seem to exhibit this behavior. First, in the pnictides, a logarithmic divergence of the form ln |x − x c | of the specific heat in BaFe 2 (As 1−x P x ) 2 has been seen in low fields [26] [27] [28] . What is needed here is an analogous experiment at high field where the B−linear dependence obtains. A direct measurement of α would be preferable rather than in inference based on the effective mass since the very meaning of a quasiparticle is obscured in the local limit. In addition, care must be taken to distinguish a pure ln |T | dependence from T a ln |T | as is observed in many non-Fermi liquid systems [29] [30] [31] in which α = 0. Second, a recent scaling theory of the finite temperature Mott transition [32] has predicted that the heat capacity only has a ln |T | dependence and as a result is well described by the d = 2 Ising exponents. What our work clarifies is that α = 0 is a generic feature of a strongly coupled fixed point not just the d = 2 Ising model. The applicability to Mott criticality is expected as such systems are governed by strong local interactions.
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where e * is an effective charge, m * is an effective mass, δ is the T = 0 and B = 0 distance to the quantum critical point (or the tuning parameter), and u is the coupling constant. The gauge field A = (0, Bx, 0) provides a background magnetic field in the z direction. We use the self-consistent HartreeFock approximation [33] to calculate the correlation length. We rewrite the free energy in the harmonic oscillator basis by substituting the expansion of ψ,
into Eq 32. In this expansion, Ψ n (x) is the eigenstate of a harmonic oscillator, given by
and c(n, ω m , k y ) is the expansion coefficient. The energy eigenvalue is E n = 2µ * B(n + 1/2) with µ * = e * /2m * . To simplify these expressions, we let B have units of energy by making the change of variables B → B/µ * . We also use units such that 2 = 2m * = 1 and k B = 1.
The free energy in the harmonic basis is
Note that the eigenstate wavefunction Ψ ni (x) depends on k i y through the parameter ρ as defined above. The bare propagator is
Let m 2 be the renormalized excitation gap. The renormalized propagator is given by
The Dyson equation in the self-consistent HartreeFock approximation is
where the Hartree-Fock self energy (one-loop self energy) equals
Substituting the two Green functions and the self energy into Eq. 39 gives
The summation on the right-hand side of the equation can be performed exactly. Summing over the Matsubara frequency ω m gives
The formula for the Poisson summation over nonnegative integers is
Using this formula to sum over the Landau index n yields 
We are interested in the behavior of the correlation function near the transition point, that is, δ << B and T . So we can drop δ term in the equation. We solve this equation in two limiting cases. In the case of high field, B/T >> 1, we have f = B/T . In the case of high temperature, B/T << 1, we find that f is a solution of f = u 2π (f − ln(e f − 1)).
The solution of this equation is denoted by f T (u) and is plotted in Fig. 2 . Since the correlation length If the flow of u and T with length scale is considered, the function f T (u) becomes T dependent, and the form of the correlation length will be ξ ∼ 1/(f T (u)T ) 1 2 . This is in agreement with the zero field renormalization group calculation in high T regime [34] . The correlation length at leadinglogarithm accurracy is shown to have a double logarithm form, ξ ∼ 1/(T ln ln
, where Λ is a momentum cutoff.
